20 Quorum Sensing (QS) are mechanisms of synthesis and detection of signaling molecules to 21 regulate gene expression and coordinate behaviors in bacterial populations. In Bacillus 22 subtilis (Bs), multiple paralog Rap-Phr QS systems (receptor-signaling peptide) are highly Importance 41 The Bacillus cereus group of bacteria includes species of high economic, clinical, 42 biological warfare and biotechnological interest, e.g. B. anthracis in bioterrorism, B. 43 cereus in food intoxications and B. thuringiensis in biocontrol. Knowledge on the ecology 44 of these bacteria is hindered due to our limited knowledge of the regulatory circuits that 45 control differentiation and specialization processes. Here, we uncover the participation of 46 eight Rap quorum-sensing receptors in collective functions of B. thuringiensis. These proteins are highly multifunctional and redundant in their functions, linking ecologically 48 relevant processes such as sporulation, biofilm formation, extracellular proteolytic activity 49 and spreading, and probably other additional functions in species from the B. cereus group. 50 51
redundant and multifunctional, interconnecting the regulation of differentiation processes 24 such as sporulation and competence. However, their functions in the B. cereus group are 25 largely unknown. We evaluated the diversification of Rap-Phr systems in the B. cereus 26 group as well as their functions, using Bacillus thuringiensis Bt8741 as model. Bt8741 27 codes for eight Rap-Phr systems; these were overexpressed to study their participation in 28 sporulation, biofilm formation, extracellular proteolytic activity and spreading. Our results 29
show that two Rap-Phr systems (RapK and RapF) inhibit sporulation, probably through 30 dephosphorylation of Spo0F; these two Raps also inhibit biofilm formation. Five systems 31 (RapC, F, F2, I1 and RapLike) decrease extracellular proteolytic activity; finally, four 32 systems (RapC, F1, F2 and RapLike) participate in spreading inhibition. Our bioinformatic 33 analyses showed that Rap proteins from the B. cereus group diversified into five 34 pherogroups, and we foresee that functions performed by Rap proteins of Bt8741 could 35 also be carried out by Rap homologs in other species within the group. These results 36 indicate that Rap-Phr systems constitute a highly multifunctional and redundant regulatory 37 repertoire that enable bacteria from the B. cereus group to efficiently regulate collective 38 functions during the bacterial life cycle, in the face of changing environments. 39 3 7 found higher percentage of conservation of the functional amino acids of RapH, in the 143 sequences of both Bs168 and Bt407, compared to the corresponding complete sequences 144 ( Fig. 1B) . In Bs168 the full sequence conservation of the Spo0F binding Raps (RapA, B, E, 145 J) compared to RapH, ranges from 59% to 66% and the functional amino acids 146 conservation percentage from 82.3% to 100%. In RapD, the full-length sequence is 147 conserved at 50% and functional residues are only 64.7% conserved (Fig. 1B) . In the case 148 of Rap proteins from Bt407, the full sequence conservation in comparison to RapH of 149 Bs168 ranged from 45% to 48%. On the other hand, conservation of functional residues 150 ranged from 64.7% to 88.2% ( Fig 1B) . This indicates that the analyzed residues are 151 important for the function of Bt Rap proteins. 152 153 RapK presented the highest conservation percentage of functional residues (88.2%), 154 followed by RapF, I and RapI1 (82.3%), RapF1, F2 and RapLike (70.5%) and finally RapC 155 with 64.6%. Although RapF1 and RapF2 presented a high conservation of functional 156 residues, these Rap paralogs, as well as RapC, do not conserve the residue Q47 found in the We constructed nine Rap-overexpression strains in the Bt8741 background (Table S1), one  169 for each endogenous Rap protein identified in Bt407 (RapC, K, F, F1, F2, I, I1, Like) and 170 one more for RapA from Bs168 (RapA Bs ). We also generated a control strain of Bt8741 171 carrying the empty plasmid pHT315-P xylA (Table S1 ). DNA sequencing showed correct, in-172 frame insertion of P xylA and rap genes in the pHT315 plasmid (not shown). We followed a 173 growth time-course experiment of all strains in shaking flasks for 24 hours and confirmed 174 that neither xylose addition, nor Rap overexpression, affected bacterial growth ( Fig. S1 ). 175
176
In order to identify the Rap proteins involved in the regulation of the sporulation initiation, 177
we studied the effect of the overexpression in the sporulation efficiency of each strain. In 178 this experiment, we observed that both addition of xylose to the culture medium and the 179 presence of rap genes in the plasmid had minor effects on total and thermoresistant CFU 180 counts of Bt8741 at 72 h. In the control strain, addition of xylose caused a decrease of ≈1 181 log10 in total and thermoresistant CFU ( Fig. S2A and S2B ). Similarly, when rapF1 and 182 rapF2 genes were carried in the plasmid -but not overexpressed -total CFU decreased by 183 up to one logarithm of CFU in comparison to the control strain ( Fig. S2A ). Additionally, 184 sporulation decreased one logarithm in strains carrying rapF1, rapF2 and rapI1 in 185 comparison to the control strain when Rap was not overexpressed (Fig. S2C ). These 186 unspecific effects were probably related to basal expression from the P xylA promoter, even 187 when xylose is not added, since pHT315 replicates at 15 copies per cell (49). Finally, the 188 most dramatic effect was found in thermoresistant CFU of strains that overexpressed Rap efficiency of the control strain remained unchanged by the addition of inducer (Fig. 2) . In 193 contrast, overexpression of RapA Bs caused a decrease in sporulation efficiency from 7.9% 194 to 0.0005%. In fact, thermoresistant CFU were undetectable when RapA Bs was 195 overexpressed ( Fig. S2D ). We also found undetectable levels of spores in strains 196 overexpressing RapK and RapF (Fig. S2D ). Sporulation efficiency decreased from 32.93% 197 to 0.0002% in the strain overexpressing RapK and from 9.24% to 0.0026% in the strain 198 overexpressing RapF (Fig. 2 ). In Bs, RapA dephosphorylates Spo0F in the Spo0A 199 phosphorelay (32) and this result indicates that it performs the same function in B8741; 200 furthermore, it suggests that RapK and RapF carry out the same mechanism for regulation 201 of sporulation initiation. 202 203 Strains carrying P xylA 'rapC and P xylA 'rapLike also had reduced sporulation efficiency in 204 induced media. Sporulation efficiency decreased from 5.43% to 0.0357% and from 12.34% 205 to 0.1352% when RapC and RapLike were overexpressed, respectively ( Fig 2) . 206
Additionally, RapI overexpression slightly decreased sporulation efficiency, from 2.82% to 207 0.51%. Sporulation efficiency was not decreased by the overexpression of RapF1, F2, I or 208
RapI1. 209 210
Samples of the Rap-overexpressing strain cultures at 72 h were observed in a microscope. 211
We detected free spores and bacterial debris in all strains, when Rap proteins were not 212 overexpressed ( Fig. S3 ). Figure 3 shows representative cells from each induced culture. 213
Strains overexpressing Rap proteins that did not affect sporulation efficiency (RapF1, F2 214 and RapI1) showed cell morphology similar to that of the control strain, i.e. a sporulated 215 bacilli with defined endospores. In strains overexpressing RapA Bs , K and RapF, that had 216 acutely decreased sporulation efficiency, we observed chained, wrinkled cells with no 217 spores ( Fig. 3 ). On the other hand, cells from strains overexpressing RapC and RapLike, 218
were rod-shaped with no evident spore ( Fig. 3 ). Finally, cells from the strain 219 overexpressing RapI, which had a slight effect on sporulation efficiency, cell morphology 220 was similar to strains overexpressing RapF1, F2, I1 and the control strain ( Fig. 3 using Rap-overexpression strains. For this, we suspended cells form the biofilm and 229 measured optical density (OD 600 ). Since 20 mM xylose caused a complete inhibition of 230 biofilm formation in the Bt8741 control strain (not shown), we first tested the effect of 231 xylose concentration on this phenotype. We found that biofilm formation was not affected 232 at 2 mM, but was decreased at higher concentrations of 5, 10 and 15 mM ( Fig. S4) ; 233 therefore, overexpression of Rap proteins was performed with 2 mM of xylose (50). 234
235
Overexpression of RapK and RapF caused a complete inhibition of biofilm formation of 236 Bt8741 (Fig. 4A) , evident by the significant decrease (p<0.0001) in the OD 600 of the 237 resuspended biofilm (Fig. 4B ). The OD 600 of the biofilms decreased from 0.7115 to 0.0977 On the other hand, biofilms were normally formed by strains overexpressing RapA Bs , C, F2, 240 I, I1 and RapLike (Fig. 4) . Interestingly, the strain overexpressing RapF1 was unable to 241 form biofilms even when the overexpression was not induced ( Fig. 4A and B) . 242
243
In order to discard global growth defects in this assay when RapK and RapF are 244 overexpressed, we measured planktonic growth through OD 600 of the liquid culture media 245 from the same experiments where biofilm formation was assessed. We found that 246 planktonic growth was higher in conditions where a biofilm is not formed (Fig. S5 ). This 247 indicates that RapK and RapF specifically inhibit biofilm formation (e.g. secretion of 248 extracellular matrix components). 249 250 Extracellular proteolytic activity is downregulated by RapC, F, F2, I1 and RapLike in 251
Bt8741. 252
In Bt, the production of extracellular proteases is crucial during its necrotrophic phase, i.e. 253 development in insect cadavers. We tested the role of Rap proteins in extracellular 254 proteolytic activity by measuring the effect of Rap overexpression on hydrolysis halos of 255 colonies on milk agar (MA) plates. Addition of xylose had no effect (p>0.05) on the 256 hydrolysis halo of the control strain ( Fig. 5 ). In contrast, overexpression of RapC, F, F2, I1 257 and RapLike decreased the halo area (p<0.05; Fig. 5B ). In these strains, the halo area 258 decreased to 41.98%, 37.81%, 46.65%, 47.51% and 34.93%, respectively ( Fig. 5B, Fig. S6 ) 259 compared to halos in plates where overexpression was not induced (100%). Proteolytic 260 activity of strains overexpressing RapA Bs , K, I and RapF1 was not affected by the induction Colonies of Bt8741 present a spreading phenotype that could be associated to its capacity to 265 colonize hosts and habitats. Similar passive motility phenotypes have been described in 266 other species of Bacillus, associated to the production of extracellular surfactant molecules 267 (51-53). To gain insights on this understudied collective trait, we determined the effect of 268
Rap proteins on radial spreading of colonies of Bt8741 growing on agar media. 269
270
We observed that addition of xylose in the media did not affect spreading of the control 271 strain ( Fig. 6 ). In contrast, the overexpression of RapC, F1, F2 and RapLike caused a 272 decrease in spreading (p<0.05) of Bt8741 colonies at day 7 ( Fig. 6A and B ). The 273 overexpression of RapC reduced the colony dispersion from 5.15 mm to 0.49 mm 274 (reduction of 90.4%); RapF1, from 3.73 mm to 1.83 mm (decrease of 50.9%); RapF2 from 275 5.05 mm to 0.78 mm (decrease of 84.5%); and RapLike from 3.64 mm to 0.65 mm 276 (decrease of 82.1%) ( Fig. 6B ). Spreading inhibition is evident in the colony morphology of 277 these strains ( Fig. 6C ). We observed that the overexpression of RapC, F2 and RapLike, 278 completely eliminated this phenotype, while overexpression of RapF1 only decreased 279 spreading (p<0.05) ( Fig. 6B and C) . 280
281
The overexpression of RapA Bs , K, F, I and RapI1 did not affect the spreading of Bt8741 282 (p>0.05) ( Fig. 6B ). Spreading of the strains carrying overexpression plasmids for these Rap 283 proteins ranged from 4.68 mm to 7.29 mm without induction and from 3.37 mm to 6.84 284 mm when induced ( (Table S2) , 30 of which are encoded in chromosome and 2 in plasmids (Table 1) . 296
297
The phylogeny of Rap proteins from the B. cereus group shows that clades are composed of 298 Rap proteins from different species, i.e., phylogenetically close Rap homologs can be found 299 in different species. This indicates that Rap-Phr divergence occurred before speciation in 300 this group (Fig. 7) . Hence, Rap functions discovered in this work could be extrapolated to 301 the rest of the B. cereus group, e.g. Rap proteins found in the same clade as BtRapK and 302 BtRapF (Bps28285, Bps05775, Bps24285, Bcyt05320, Bc1026, Ba05875, Ba29315, 303
Bcyt11595, Bcyt05405 and Bcyt02700) may modulate sporulation initiation and biofilm 304 formation. Since we found that several Rap paralogs are coded in every species of the B. 305 cereus group, we suggest that they could regulate a variety of collective functions in all 306 species, as we describe here for Bt8741. 307
308
We identified 5 pherogroups, each with a putative mature Phr peptide sequence. All five 309 pherogroup comprise Rap proteins from different species, which share Phr consensus sequences corresponding to the putative mature Phr (Fig. S7 ). These five pherogroups are 311 identified with colors in the branches of the phylogeny in figure 7. We found that mature 312 Phr corresponding to pherogroups 1 and 2 are located in the C-terminal domain of the pro-313 peptides (exported Phr sequence). RapI, F, F1 and RapK from Bt are found in these 314 pherogroups. On the other hand, pherogroup 3 -were RapF2 from Bt is found -consensus 315 sequences are located in the N-terminal domain of the pro-peptide. Finally, putative mature 316
Phr peptides from pherogroups 4 and 5 -which include RapLike, C and RapI1 from Bt -317 are located in the middle of the exported sequence (Table S3 ). We observed that only Bt 318 and Bps encode Rap proteins from all five pherogroups; Rap proteins from Ba and Bcyt are 319 found in pherogroups 1, 2, 3 and 4; Rap proteins in Bm correspond to pherogroups 1, 3 and 320 5; finally Rap proteins from Bc are found only in pherogroups 1 and 4 ( Fig. 7) . 321
322
Discussion 323
Few studies have addressed multicellular behaviors such as differentiation, cell-324 specialization, collective functions, and the resulting ecological interactions in species from 325 the B. cereus group (11, 56) . Similarly, molecular mechanisms for the control 326 differentiation processes in the B. cereus group bacteria remain understudied (45, 46, 48, 56, 327 57 dephosphorylating Spo0F, and therefore prevent the activation of Spo0A (32) . We found 364 that RapA Bs , retained this function when it was overexpressed in Bt8741. Furthermore, five 365
Rap-Phr systems from Bt8741 (RapK, F, C, Like and RapI) also regulate sporulation in this 366 species. We propose that RapK and RapF may function by dephosphorylating Spo0F, 367 similar to the mechanism carried out by RapA in Bs. This suggestion is supported by three Bs has showed that a basic amino acid is found in the second position from the N-terminal 417 end, and an alanine residue is necessary in the position before the cleavage site for Phr 418 maturation (22, 63, 64). Our analysis of consensus putative mature Phr sequences showed 419 that these characteristics are not maintained in mature Phr peptides of the B cereus group. 420
This suggests that signaling peptides are processed differently in these bacteria, this is, 421 using different sets of extracellular proteases and peptidases that recognize distinct 422 sequences. In Bt, the identity of a mature Phr has only been shown for Rap8-Phr8 from Bt-423 HD73. In that case, the active heptapeptide YAHGKDI is located in the C-terminal end 424 from its exported sequence (46). RapI from Bt8741, ortholog protein to Rap8, is found in 425 pherogroup 1, in which the consensus sequence HGKDI corresponds to the five residues in 426 the C-terminal end from the exported sequence. This indicates that the consensus sequences determined in this study may not exactly predict the signaling peptide sequence, but they 428 can direct their search in future studies. 429 Finally, we identified in the alignment the amino acids of Rap protein sequences that 478 correspond to the residues of RapH that participate in binding and dephosphorylation of 479 Spo0F. 480
481

DNA manipulation 482
All primers used in this study are listed in and synthesized as a commercial service (T4 Oligo, Irapuato, Mexico). PCR products and 489 restriction reactions were purified using the PureLink Quick PCR Purification Kit 490 (Invitrogen). When needed, PCR products were isolated from 0.8% agarose gels using the 491 the xylA promoter (P xylA ) and the repressor gene xylR, were amplified by PCR from Bs168 500 genome using primers GG1 and GG2 (Table S4 ). This PCR product was inserted into the 501
HindIII and PstI sites of pHT315 plasmid (74), and colonies were PCR checked using 502 primers DS16 and DS17 (Table S4 ). The resulting plasmid pHT315-P xylA was transformed 503 into E. coli Top10 competent cells. Then, this plasmid was used for the inducible 504 overexpression of Rap proteins with xylose in Bt8741. For this, rap genes encoded in the 505 genome of Bt8741 (rapC, rapK, rapF, rapF1, rapF2, rapI, rapI1 and rapLike, Slamti et al., 506 2014) and rapA from Bs168 (RapA Bs , Perego et al., 1994) were amplified using the 507 corresponding primers pairs listed in Table S4 , and inserted in-frame between the PstI and 508
SalI sites of pHT315-P xylA . Nine overexpression plasmids, one for each Rap protein, were 509 transformed into E. coli Top10 competent cells. All plasmids were then transformed into 510 Bt8741 electrocompetent cells, using the protocol described in previous studies (41), 511 generating nine Bt8741 strains for the overexpression each Rap protein. Additionally, we 512 transformed Bt8741 with the pHT315-P xylA (without a rap gene), and the resulting strain 513 was used as control strain throughout the Rap induction experiments. The complete 514 sequence of pHT315-P xylA 'rapI was verified by Illumina sequencing (MGH DNA Core, 515
Cambridge, MA, USA), and the rest of the P xylA 'rap constructions were verified by Sanger 516 sequencing (Unidad de Servicios Genómicos, LANGEBIO-CINVESTAV, Irapuato, 517 Mexico) using primers GG26 and DS17 (Table S4) . 518 519
Sporulation efficiency 520
We assessed the effect of the overexpression of Rap proteins on sporulation efficiency in 521
Bt8741. Preinoculums were prepared by picking a single colony of each strain into 5 mL of and suspended in 1 mL of sterile PBS. Glass culture tubes (25 mm diameter) with 5 mL of 524 LB with erythromycin were inoculated with 50 µL (1% v/v) of preinoculum containing 525 ≈10 7 cfu ml -1 and incubated for 72 h. All strains were cultured in triplicate, in LB with and 526 without the addition of xylose. To determine growth and sporulation, total and 527 thermoresistant CFU were calculated by plating 10-fold serial dilutions in nutrient agar. For 528 thermoresistant CFU, samples of 100 µL were incubated at 80 ºC for 20 min prior to 529 diluting and plating. Sporulation efficiency was calculated as the percentage of 530 thermoresistant CFU in total CFU. 531 532
Biofilm formation assay 533
We evaluated the effect of the overexpression of Rap proteins on the capacity of Bt874 to 534 form biofilms. For this assay, we used 13 x 100 mm glass tubes with 3 mL Nutrient Broth + 535 erythromycin, with and without the addition of xylose to a final concentration of 2 mM. 536
Three µL of preinoculum was added in triplicates, and the inoculated tubes were incubated 537 without agitation at 31 ºC ± 1 ºC for 48 hours. The culture media was then removed with a 538 syringe with needle. The biofilm and ring attached to the wall of the tube, composed of 539 cells from the biofilm, were resuspended in 1.5 mL of sterile PBS and the optical density 540 (OD 600 ) was measured. The OD 600 was also measured from the removed liquid media to 541 address planktonic growth. At least 5 replicates of each treatment were performed. 542 543
Extracellular proteolytic activity assay 544
To evaluate the effect of Rap overexpression in extracellular proteolytic activity of Bt8741, 545 halo area was measured after 24 h of incubation using the Image Lab™ Software 548 (BIORAD). To correct for differences in colony growth, we subtracted the colony area. 549 550 Spreading phenotype assay 551
The spreading phenotype of Rap-overexpression Bt8741 variants was followed in colonies 552 spotted on agar. For this assay, we used diluted nutrient agar (NA) (0.8 g L -1 Nutrient broth, 553 1.5 g L -1 agar) with erythromycin and with or without the addition of xylose. Plates were 554 air-dried inside a biological hood for 60 minutes prior to inoculation. Then, 5 µL of 555 preinoculum cultures were spotted in the center of the plate, dried for 5 minutes and 556 incubated at 30 ºC for 14 days. The inoculated agar plates were photographed at day 1, 3, 5, 557 7 and 14, using a gel documentation system (Gel Doc™ XR+, BIORAD). Colony area was 558 measured using the Image Lab™ Software (BIORAD) and radial growth was calculated. 559
For normalization of radial dispersion, we subtracted from all observations the colony 560 radius at day 1, which corresponds to the inoculated droplet area. Three replicates of each 561 treatment were performed. sequences are highlighted: black, polar residues; gray, hydrophobic residues; silver, polar 911 and charged residues. 912
